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Abstract: 
A total of 5 different half-Heusler alloys, two p-type and two n-type with the fifth a charge 
compensated alloy have been designed and synthesized. The thermophysical properties of these 
alloys have been investigated in the range 10 K to 1000 K while the magnetic behavior has been 
studied up to 300 K. The electrical resistivity of all the alloys varies within the range 0.06 to 5 mΩ 
cm indicating that they are in the degenerate semiconductor limits. The temperature dependence 
of p-type alloys exhibits a transition from metallic to semiconducting behavior, typical of 
topological insulators. The transition is found to occur in the range 300 K to 500 K. The n-type 
and compensated alloys exhibit a weak metallic behavior in the complete temperature range. The 
Seebeck coefficient in the p-type alloys increases with temperature reaching a maximum value of 
50 µV K-1 while that of the n-type alloys increases continuously reaching a value of 45 µV K-1 at 
~ 800 K. The corresponding power factor of the n-type alloy reaches 900 µW m-1 K-2 at ~ 900 K 
compared to a maximum of ~ 250 µW m-1 K-2 at 700 K for the p-type alloy. Magnetically the p-
type and n-type alloys are found to be paramagnetic while the compensated alloy exhibits a 
ferromagnetic behavior. 
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Introduction: 
Heusler alloys are an extremely interesting and highly versatile group of intermetallic compounds 
exhibiting a variety of electronic behaviors ranging from semiconducting to superconducting and 
ferromagnetic to non-magnetic. The electronic property versatility of these compounds is similar 
to that exhibited by perovskite oxide group of compounds which has a large variety of behaviors. 
A typical Heusler compound is a ternary alloy of transition metals belonging to groups 4-10, and 
a main group element of groups 13-15 in the ratio 1:1:1 or 1:2:1. Accordingly, they are termed as 
half-Heusler or full-Heusler alloys respectively and denoted as XYZ or XY2Z alloy. In this 
representation X is the most electropositive element while Z is the most electronegative element. 
Although different conventions are followed in the literature, in the present work this convention 
is followed as it does not lead to ambiguities, especially with respect to atomic position in the 
crystal structure. The half-Heusler alloys are known to be stable in a cubic crystal structure 
belonging to F-43m space group while the full-Heusler alloy has Fm-3m structure and in both 
cases the structure consists of 4 interpenetrating cubic sub-lattices. The structure has 3 unique 
positions for atoms to occupy: 4a (0,0,0), 4b(1/2,1/2,1/2) and 4c(1/4,1/4,1/4) and depending on 
which of the 3 atoms occupy these positions, 3 different structural variations are possible in these 
alloys. It should be noted here that since X and Z are most electropositive and electronegative 
elements respectively, the nature of interaction between these two elements will be ionic while 
other two interactions, XY and YZ will be predominantly covalent. Hence the electronic properties 
of these alloys are strong functions of positional occupancy of the different atomic species as well 
as the total valance electron count, VEC. The large possibility of substitutions with different VEC 
and positional occupancy opens an opportunity to tune the properties, including formation of 
topological insulators.(1-6) The half-Heusler alloys have an additional variable - presence of a 
vacant sub-lattice due to absence of an Y atom. The presence of these vacancies in the lattice 
facilitates reduction of thermal conductivity and makes them suitable candidates for thermoelectric 
energy conversion.(7-14) Apart from this application, the only half-Heusler alloy that has been 
found to exhibit a half-metallic ferromagnetic behavior is NiMnSb, excluding the rare-earth 
substituted alloys.(15-20) Hence the objective of the present work therefore has been to investigate 
both the thermoelectric related physical properties as well as study the feasibility of a 
ferromagnetic behavior in half-Heusler alloys without Mn or rare-earth elements in the 
compositions. 
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Among the several different half-Heusler alloys, n-type MNiSn and p-type MCoSb, where ‘M’ is 
a transitional metal belonging to group 4 elements have been extensively investigated for 
thermoelectric energy conversion.(21-26) Although these alloys exhibit relatively high 
thermoelectric figure of merit, zT, they have still not found large scale commercial application due 
to the variability in zT values as a result of processing related microstructural variations.(8, 23, 27-
29) Also, they are two separate classes of materials with Sn and Sb as the two electronegative 
elements with Ni and Co as the Y transition metals respectively, which makes for a non-ideal 
thermoelectric couple. An ideal thermoelectric couple should have nearly identical composition 
for the two legs such that there is no significant mismatch in their mechanical, thermal fatigue or 
thermal expansion properties. Hence in the present work TiNiSn based half-Heusler alloys have 
been chosen as Zr and Hf containing alloys have been extensively investigated. The chemical 
composition of the alloys has been designed to exhibit either p-type or n-type or a compensated 
behavior by suitable substitution of not only Z element but also the X and Y elements. The criterion 
used for selecting the substitutional elements is rather simple in nature – all elements to the left of 
the main element with electron deficiency compared to the main element will impart a p-type 
character while elements to its right with an additional electrons will induce an n-type character. 
These substitutions should also result in reducing the overall thermal conductivity of the alloys 
due to alloy scattering, large atomic mass and size variations, in addition to vacancy related 
scattering.  
The nature of charge carriers as well as their concentration have been predicted using TiNiSn as 
the base composition. The different chemical compositions that have been selected and their 
expected electrical transport behavior and magnetic moments are given in Table 1. According to 
this criterion, alloy P1 should exhibit a p-type behavior due to the valance electron difference 
between Ni and Co while alloy P2 should exhibit a p-type behavior due to both Sc and In 
substitution for X and Z atoms respectively. The charge carrier concentration in P2 should be 
greater than that in P1 alloy because of both X and Z substitutions in P2 compared to only Y 
substitution in P1. In the case of n-type alloys, N1 and N2, it is due to substitution of all the 3 
elements Ti, Ni and Sn, the alloy should develop a n-type behavior. In the charge compensated 
alloy, CC, however the p-type behavior due to Mn substitution for Ti is compensated by the n-type 
behavior due to Sn substitution with Bi. The predicted magnetic behavior is based on the effective 
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VEC in the alloys which is expected to follow the Slater-Pauling prediction and half-Heusler alloys 
with VEC≠18 should exhibit a resultant magnetic behavior.(13, 30) 
Experimental Methods: 
The 5 different alloys were synthesized from 99.9 % pure elements in a vacuum arc melting system 
under a protective Ar gas environment. The ingots were flipped and melted several times to ensure 
complete mixing of the different elements. The ingots were further annealed at 800 0C in vacuum 
for 120 hrs in order to homogenize the chemical composition and also to obtain a single phase. 
The annealed ingots were ground into powder and consolidated into circular discs of 12.7 mm 
diameter using the spark plasma sintering (SPS) process. The density in all the cases is found to 
be > 95 % of theoretical density. The phases present in each of the alloys and their structure, 
chemical composition were determined by X-ray diffraction and energy dispersive X-ray spectra 
(EDS) analysis in the scanning electron microscope respectively. The electrical resistivity in the 
temperature range 10 K to 1000 K was determined using the dc four probe technique. The low 
temperature resistivity and Seebeck coefficient were measured using a custom built system(31) 
while the high temperature properties were measured by a commercial system, Ulvac ZEM-2. 
Similarly the low temperature thermal conductivity was measured using a custom built system(32) 
while the high temperature thermal diffusivity was measured using NETZSCH LFA 457 system. 
The high temperature thermal conductivity is determined assuming the Dulong-Petit limit for the 
heat capacity. The magnetization as a function of both temperature and magnetic field were 
determined using the Quantum Design SQUID magnetometer. 
Results and Discussion: 
The microstructure of the different alloys as seen in scanning electron microscope, Figure 1, shows 
densely packed large grains with no porosity indicating bulk density after spark plasma sintering 
of the compacted alloy powders. The microstructure was found to be similar in all the alloys. The 
micrograph shown here is a SEM photo of microstructure in N2 alloy which exhibits more than 
one phase with the second phase in small quantity and has been identified in the x-ray diffraction 
pattern. The chemical composition determined using X-ray spectroscopy together with the 
designed chemical composition are given in Table 1. It can be seen that there is no significant loss 
of any of the elements in all the alloys except for Bi in the compensated alloy CC. In order to 
identify the phases present in different alloys and their crystal structures, Rietveld refinement of 
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the X-ray diffraction patterns was done using the FULLPROF program.(33) The results of 
refinement of all the 5 different alloys together with the diffraction data are shown in Figure 2 and 
the refinement parameters are given in Table 2. The alloys P1 and P2 have a single cubic phase 
belonging to the space group F-43m while the N1 and N2 alloys have additional secondary phases 
in small fraction. The secondary phases are typically half-Heusler phases with slight variation in 
chemical composition or full-Heusler precipitates of extremely small size.(8, 34) The fraction of 
these secondary phases however does not exceed 20 % as all the major peaks in the diffraction 
pattern could be fitted to a single half-Heusler phase. The compensated alloy CC however has a 
single cubic phase confirming the formation of half-Heusler compound with no other phases. The 
position of 3 base elements Ti, Ni and Sn in the crystal structure in the 3 inequivalent positions 4a 
(0, 0, 0), 4b (1/2, 1/2, 1/2) and 4c (1/4, 1/4, 1/4) is critical for the electronic behavior of the alloys. 
Hence to determine the exact position of these elements in the synthesized alloys, the refinement 
was carried out by interchanging the position of Ti and Ni atoms in the structure. It was found that 
this did not alter the goodness of fit significantly in all the alloys. It was found that Sn occupies 
the 4b position while Ti and Ni occupy 4a and 4c positions in the crystal lattice respectively. This 
conforms to Type-III structure with an ionic bond between Ti/Ni and Sn and the other two bonds 
being covalent in nature. The structural stability determined by density functional theory 
calculations indicates that placing Ni atoms in the octahedral position, 4c, yields a structure with 
lowest energy compared to other possible configurations.(35-37) Our experimental results indeed 
confirm this observation and show that Ti and Sn form the NaCl type rock salt structure with the 
Ni atoms occupying the octahedral 4c sites. Hence the respective substituted atoms are expected 
to occupy the equivalent host element positions in the lattice. 
The electrical resistivity of all the different alloys has been investigated as a function of 
temperature in the range 10 K to 1000 K and the results are shown in Figure 3 (a). The absolute 
resistivity in all the alloys is found to be low, varying between 0.06 to 5 mΩ cm at any temperature. 
The resistivity variation in the entire temperature range for all the alloys is small, i.e. the 
temperature coefficient of resistivity is extremely small. The temperature dependence of resistivity 
in the different category of alloys however is found to be different. In the case of p-type alloys, a 
metallic behavior with  
𝑑𝜌
𝑑𝑇
> 0 is seen at low temperatures which changes to a semiconducting 
behavior with 
𝑑𝜌
𝑑𝑇
< 0 at high temperatures. The resistivity exhibits a broad maximum in the range 
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300 K-500 K in the alloys P1 and P2. Such a behavior has been observed in rare-earth, R containing 
half-Heusler alloys, RPdBi/Sb which belong to the family of topological insulators exhibiting both 
superconductivity and magnetism.(38-43) The transition from semiconducting to metallic and 
subsequent superconducting behavior with decreasing temperatures in these rare-earth containing 
alloys has been found to be due to the band inversion phenomenon. In these alloys band inversion 
takes place due to topologically protected surface states when they are cooled to low temperatures. 
The variation of electrical resistivity with temperature in the non-superconducting state in the 
alloys P1 and P2 has been found to be due to a combination of both metallic and semiconducting 
channels operating simultaneously at any given temperature. The temperature dependence in such 
systems has been modeled using the combined equation given by;(44) 
𝜌(𝑇) = 𝜌𝑚(𝑇) + 𝜌𝑠(𝑇) = (𝜌0
𝑚 + 𝑎𝑇 + 𝑏𝑇2) + (𝜌0
𝑠 exp (−
𝐸𝑔
2𝑘𝐵𝑇
))  (1) 
where 𝜌𝑚 and 𝜌𝑠 are metallic and semiconducting resistivities with 𝜌0
𝑚 and 𝜌0
𝑠 the residual 
resistivities, ‘a’ the electron-phonon scattering coefficient, ‘b’ the electron-electron scattering 
coefficient and ‘Eg’ semiconducting channel band gap. A fit of the electrical resistivity to equation 
(1) is shown in Figure 3 (a) and the different fit parameters are given in Table 3. The band gap 
‘Eg’ for the semiconducting channel in the two alloys P1 and P2 is found to be 60 meV and 46.9 
meV respectively, similar to the values determined in rare-earth containing half-Heusler alloys, 
RPdBi/Sb.(42-44) In the case of rare-earth containing half-Heusler alloys, the ‘f’ electrons of rare-
earth element has been predicted to be the main reason for band inversion phenomenon leading to 
a superconducting behavior. In the present case however the alloys P1 and P2 do not contain any 
rare-earth elements and hence presence of defects such as anti-site substitutions and vacancies 
could lead to band inversion phenomenon.(45, 46) 
The electrical resistivity of n-type alloys, N1, N2 as well as that of the compensated alloy CC 
increases with increasing temperature, 
𝑑𝜌
𝑑𝑇
> 0 a typical metallic behavior. The resistivity of N1 
increases continuously with temperature while that of N2 and CC indicate a saturation tendency at 
high temperatures. The electrical resistivity of these alloys can be modeled using the typical 
metallic behavior given by the first term in equation (1) and the results of fit are shown in Figure 
3 and Table 3. It is interesting to note that the resistivity in N1, N2 and CC is essentially due to 
scattering of charge carriers by phonons with no significant contribution from electron-electron 
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scattering. These alloys behave as typical degenerate semiconductors with phonon dominated 
carrier scattering. 
The Seebeck coefficient ‘α’ measured as a function of temperature in the range 10 K to 1000 K of 
all the alloys is shown in Figure 4. The sign of ‘α’ in alloys P1, P2, N1 and N2 is in complete 
agreement with the alloy design considerations, i.e. P1 and P2 have a positive ‘α’ indicating holes 
as majority charge carriers while N1 and N2 have a negative ‘α’ with electrons as majority charge 
carriers. The Seebeck coefficient of CC however is extremely small and positive with extremely 
small variation with T. The Seebeck coefficient increases with increasing temperature in the 4 
alloys, P1, P2, N1 and N2. The behavior of p-type alloys however is distinctly different compared 
to the n-type alloys. They exhibit a high temperature maximum between 600 K and 700 K, beyond 
which temperature bipolar transport becomes dominant and leads to a decrease of ‘α’. These alloys 
also exhibit a clear phonon drag peak at low temperatures, 10 K to 20 K. It is observed in several 
other materials wherein the non-equilibrium distribution of phonons interacts with charge carriers 
and leads to ‘dragging’ phenomenon.(47-50) The alloy P1 however has an unusual temperature 
dependence of ‘α’-an n-type behavior at low temperature which becomes p-type for T > 300K. 
This type of behavior in P2 however is not as pronounced compared to P1.The switching of the 
nature of charge carriers from electrons to holes at high temperature is a reflection of the charge 
transport behavior-electrical resistivity. The charge transport changes from being semiconducting 
at high temperature to a metallic behavior at low temperatures due to band inversion phenomenon 
and is accompanied by a change in the nature of charge carriers. 
The Seebeck coefficient in general has two main contributions: One due to conventional thermal 
diffusion of charge carriers and second due to the non-equilibrium phonon distribution. The 
conventional thermal diffusion Seebeck coefficient, ‘αd’ below the Debye temperature θD is given 
by the relation;(51) 
𝛼𝑑 = │ − (
𝜋2𝑘𝐵
2
3𝑒𝐸𝐹
)𝑇│ (2) 
where e is the carrier charge, 𝑘𝐵the Boltzmann constant and ‘EF’ the Fermi energy. The Seebeck 
coefficient due to non-equilibrium phonon distribution on the other hand depends on the various 
scattering mechanisms and hence has a non-linear T-dependence. The linear variation of α of n-
type alloys N1 and N2 indicates that thermal diffusion of charge carriers is dominant in these alloys 
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and hence can be modeled using eq.(2). Hence α of these alloys has been fitted to eq.(2) to 
determine EF. The effective charge carrier concentration n is then determined using the relation, 
n= (2m*EF)/3π2ћ3 assuming an effective charge carrier mass of 2me for the charge carriers. The 
charge carrier concentration has been found to be 3.23×1020 cm-3 and 4.84×1020 cm-3 in the two 
alloys N1 and N2 respectively in agreement with the typical values found in half-Heusler alloys. 
The Seebeck coefficient of P1 and P2 alloys on the other hand has a highly non-linear behavior 
before the onset of bipolar conduction and is found to vary as T3/2, a behavior observed in 
disordered systems. 
The thermoelectric power factor described as 𝛼2𝜎 for the four alloys, P1, P2, N1 and N2 is shown 
in Figure 5(a). The n-type alloys in general have a higher power factor compared to the p-type 
alloys. The p-type alloy P2 has a maximum power factor of  ̴  250 μWm-1K-2 at 700 K while N1 
alloy has a power factor of  ̴  900 μWm-1K-2 at 900 K. For thermoelectric application, both p- and 
n-type materials are essential and P2 and N1 couple can exhibit a high power factor at 700 K, a 
relatively high temperature for many applications. The main advantage of this couple is that they 
are made of identical base elements and hence will have compatible physical properties for 
potential application. The total thermal conductivity of the alloys in the range 10 K to 1000 K has 
been determined and is shown in Figure 5 (b).The p-type alloys have a much lower thermal 
conductivity compared to the n-type alloys at all temperatures. 
The variation of magnetization M of the different alloys with both temperature T as well as external 
field H is shown in Figure 6. The variation of M in the different alloys is different and does not 
show similarities inspite of compositional similarities. The magnetization of p-type alloys 
increases with decreasing temperature at all fields, H, a behavior typical of paramagnetic materials. 
The susceptibility variation of P1 has been fitted to the Curie-Weiss law given by; 
𝜒(𝑇) =
𝑁𝜇𝑒𝑓𝑓
2
3𝑘𝐵(𝑇−𝑇𝐶)
+ 𝜒0 (3) 
where N is the effective number of magnetic atoms in the alloy with a magnetic moment μeff, 𝑇𝐶 
the paramagnetic Curie temperature and 𝜒0the temperature independent susceptibility. The results 
are shown in Figure 6(a) along with experimental data. The temperature independent susceptibility 
𝜒0 is found to be 9.1×10-6 emu g
-1Oe-1 and the Curie temperature 𝑇𝐶 is found to be -2 K. The near 
zero 𝑇𝐶 clearly indicates that the alloy behaves as a classical paramagnet without strong magnetic 
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interactions between the Ni/Co atoms occupying the 4c site in the structure.(19, 44, 52, 53) The 
effective magnetic moment per atom is found to be 0.71 𝜇𝐵, a value close to that of Ni80Co20 
composition. The magnetic behavior of P2 alloy without ‘Co’ substitution is different compared 
to that of P1 alloy. The magnetization increases with decreasing T till ̴ 150 K with a curvature 
which is very different compared to a typical paramagnetic material. The magnetization increase 
is similar to that observed in ferromagnetic materials till this T. Below 150 K, the magnetization 
increase is similar to that observed in paramagnetic materials. These results show a magnetic 
transformation occurring at ~ 150 K, possibly due to rearrangement of anti-site defects at 4c. The 
temperature dependence of magnetization of n-type alloys which have Ni and Cu in the ratio 4:1 
at 4c sites is markedly different when compared to the p-type alloys. The magnetization is nearly 
constant with an antiferromagnetic transition in the case of N1 alloy and a diamagnetic transition 
in the case of N2 alloy, transitions at  ̴  20 K in both alloys. The temperature independence indicates 
that these alloys are Pauli paramagnets till the transition temperature and undergo a transition 
below 20 K into an antiferromagnetic/diamagnetic state respectively. The magnetization of CC 
alloy exhibits a typical ferromagnetic behavior with M increasing with decreasing T and increasing 
H. The temperature dependence has a typical ferromagnetic variation indicating that the presence 
of Mn results in altering the effective band structure and hence the magnetic behavior. 
Conclusions: 
The thermophysical and magnetic properties of 5 different half-Hesuler alloys based on Ti-Ni-Sn 
have been studied as a function of temperature. All the alloys exhibit thermophysical properties as 
per their designed chemical composition, i.e. p-type and n-type behavior at high temperatures. The 
low temperature properties however do not conform specifically to their valence electron count. 
The p-type alloys have a weak n-type character which transforms above room temperature. At 
extremely low temperatures, ~ 10 K a strong phonon drag is observed in these alloys which is not 
seen in the n-type alloys. They also exhibit a strong band inversion around room temperature, a 
phenomenon which has so far been observed only in rare-earth containing half-Heusler alloys. The 
absolute value of the Seebeck coefficient and total thermal conductivity in all the p-type and n-
type alloys however are not ideal for thermoelectric application. Introduction of additional phonon 
scattering centers in the microstructure should result in lowering the overall thermal conductivity 
of the alloys. The Seebeck coefficient is relatively low when compared to the absolute resistivity 
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of the alloys and this is not completely understood at present. The magnetic properties of the p-
type and n-type alloys exhibits a paramagnetic behavior which can be understood based on their 
valence electron count. The temperature dependence of magnetization of n-type alloys however 
has a Pauli paramagnetic behavior, no temperature dependence, with a low temperature transition 
into an ordered magnetic state. These results clearly show that the electronic band structure of half-
Heusler alloys is rather complex and can lead to a variety of electronic behaviors. A complete 
understanding of the electronic properties requires detailed band structure information. 
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Table 1: Designed alloy chemical composition along with predicted transport and magnetic 
behavior of all HH alloys. 
 
Sl. 
No.  
Designed Chemical Composition  Actual Chemical Composition  Type of  
Charge 
carrier  
VEC  Magnetic  
Moment, 
μB  
1.  (Ti0.5Zr0.5)(Ni0.8Co0.2)Sn P1  (Ti0.47Zr0.52)(Ni0.84Co0.21)Sn0.95  p-type  18  0  
2.  (Ti0.5Zr0.25Sc0.25)Ni(Sn0.95In0.05)  
P2  
(Ti0.44Zr0.22Sc0.29)Ni(SnIn0.032)  p-type  18  0  
3.  (Ti0.8Nb0.2)(Ni0.8Cu0.2)(Sn0.95Sb0.05)  
N1  
(Ti0.71Nb0.13)(Ni0.8Cu0.2)(Sn1.09Sb0.059)  n-type  19  1  
4.  (Ti0.5Nb0.5)(Ni0.8Cu0.2)(Sn0.95Sb0.05)  
N2  
(Ti0.5Nb0.3)(Ni0.8Cu0.18)(Sn1.18Sb0.06)  n-type  19  1  
5.  (Ti0.2Mn0.8)Ni(Sn0.9Bi0.1)  
CC  
(Ti0.21Mn0.8)Ni1.09(Sn0.9Bi0.004)  Compe 
nsated 
20  2  
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Table 2: Lattice parameter and atomic positions in all the half-Heusler compounds obtained by 
Rietveld refinement. All the alloys have a cubic F-43m crystal structure. 
 
 
  
Sl. 
No. 
Designed Chemical Composition Lattice Parameter, A 4a 4b 4c 
1. (Ti0.5Zr0.5)(Ni0.8Co0.2)Sn 
P1 
6.012 Ni, Co Sn Ti, Zr 
2. (Ti0.5Zr0.25Sc0.25)Ni(Sn0.95In0.05) 
P2 
6.075 Ni Sn, In Ti, Zr, Sc 
3. (Ti0.8Nb0.2)(Ni0.8Cu0.2)(Sn0.95Sb0.05) 
N1 
6.013 Ni, Cu Sn, Sb Ti, Nb 
4. (Ti0.5Nb0.5)(Ni0.8Cu0.2)(Sn0.95Sb0.05) 
N2 
6.011 Ni, Cu Sn, Sb Ti, Nb 
5. (Ti0.2Mn0.8)Ni(Sn0.9Bi0.1) 
CC 
6.034 Ni Sn, Bi Ti, Mn 
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Table 3: The electronic transport parameters of the different half-Heusler alloys is given here. 
These parameters are obtained by fitting the resistivity to eq. (1). 
 
Compounds 𝜌0
𝑚, mΩ cm a, mΩ cm K-1 b, mΩ cm K-2 𝜌0
𝑠, mΩ cm Eg, meV 
P1 2.36 2.06 x 10-4 -1.70 x 10-5 7.66 60 
P2 0.85 9.26 x 10-4 -9.36 x 10-7 0.25 46.9 
N1 0.071 1.16 x 10-4 1.94 x 10-8 - - 
N2 0.059 1.39 x 10-4 -7.06 x 10-8 - - 
CC 0.17 1.04 x 10-4 -9.51 x 10-9 - - 
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Figure Captions: 
Figure 1. The scanning electron micrograph shows a dense polycrystalline microstructure with 
large grains after spark plasma sintering. The microstructure shown here is from N2 alloy which 
has small amount of secondary phases along with the half-Heusler phase. 
Figure 2. The x-ray diffraction patterns obtained from the 5 alloys shows the presence of half-
Heusler phase in all the cases. In the n-type alloys however secondary phases are also seen in small 
quantity apart from the half-Heusler phase. 
Figure 3. The electrical resistivity variation with temperature of the alloys exhibits a contrasting 
behavior. The p-type alloys undergo a metal to semiconducting transition on heating, (a) while the 
n-type and compensated alloys exhibit a degenerate semiconducting behavior, (b) with a weak 
positive temperature dependence. The line through the data points is a fit to eq. (1). 
Figure 4. The variation of Seebeck coefficient α with temperature shows that alloys P1 and P2 
have holes as predominant charge carriers for T > 300 K while in the N1 and N2 alloys electrons 
are the predominant charge carriers at all temperatures. The temperature dependence in the two 
cases is also very different. The low temperature variation of α shown in the inset illustrates the 
effect of phonon drag in p-type alloys. 
Figure 5. The power factor variation with temperature of the different alloys is shown in (a) while 
the variation of thermal conductivity is shown in (b). The thermal conductivity of the alloys is high 
for thermoelectric application. 
Figure 6. The variation of magnetization M with temperature T and external magnetic field H is 
shown. The p-type and n-type alloys are paramagnetic while the compensated alloy CC is 
ferromagnetic in nature. 
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